Introduction
Recent research into the electrochemical and photophysical properties of phenanthroline-and bipyridinebased Cu(I) complexes [1] [2] [3] [4] has revealed their potential for application in dye-sensitised solar cells (DSSCs), 2,3,5-7 organic light emitting diodes (OLEDs) 4, 8 and light-emitting electrochemical cells (LECs). 4, 8 The most successful DSSCs developed to date are based on Ru(II) containing sensitiser molecules, 9 some of which are being commercially developed for niche markets. 10 Lower efficiency DSSCs have also been constructed using transition metal complexes of Os(II), Pt(II), Re(I), Cu(I), Fe(II) 11 and Ni(II). 12 The use of third row transition metal sensitisers has been particularly successful due to their ability to display long-lived excited states following MLCT absorption in the visible. However low abundance, and toxicity considerations could present detrimental practical implications in the long term. Research into the field of first row transition metals has been limited due to their often extremely short-lived excited states compared to 2 nd and 3 rd row transition metal complexes, arising from the low lying metal d-d excited states which allow non-radiative decay of the MLCT excited state. This is a limiting factor in terms of DSSC functionality as charge injection from the dye is not efficiently achieved. 13, 14 To overcome this problem, complexes with a strong crystal field have been studied, aimed at raising the energy of any d-d excited states. This strategy has been explored by Ferrere 13, 15, 16 with work on Fe(II) sensitiser molecules analogous to known Ru(II) sensitisers that exhibit strong crystal-field splitting. 9 Solar cell function was observed but it was significantly reduced compared to the corresponding Ru(II) sensitiser.
Similarly low efficiencies using Ni(II)(dithiolate)(diimine) complexes as DSSC sensitiser molecules has recently been presented by our group, with limited solar cell function being observed, 12 also attributed to short excited state lifetimes.
In contrast, Cu(I) complexes can display longer excited-state lifetimes due to their d 10 configuration, leading to a power-conversion efficiency of 2.6%. 17 To date however, Cu(I) DSSC research has been limited to homoleptic sensitisers, 2, 3, 5, 7 and in this work we extend this to an initial investigation of heteroleptic Cu(I) complexes. In analogous Ru(II) dyes, the heteroleptic ligands control directionality of the MLCT transition to minimise recombination losses and also allow tuning of the HOMO energy. 18 During the redox process; Cu(I)/Cu(II), 19, 20 a conformational geometry change typically occurs from distorted tetrahedral to tetragonallyflattened, respectively. 21 Research investigating Cu(I) bis-phenanthroline complexes 1, 8, [20] [21] [22] has revealed that substituents in the 2-and 9-positions of the phenanthroline ligand acts as "blocking groups" to sterically constrain the molecule. 1, 20, 21 A similar approach has been utilised for DSSC Cu(I) sensitisers by including substituents groups in the 6,6′-positions of the bipyridine, however this leads to increased synthetic complexity of the bipyridine ligands which must also be 4,4′-substituted with acid groups to bind to TiO 2 . 2, 3, [5] [6] [7] In this work, we explore the use of a geometrically inflexible co-ligand bis{2-(diphenylphosphanyl)phenyl} ether (POP), enabling the simpler 4,4′-(CO 2 H) 2 -bipyridine to be used as the TiO 2 -binding ligand, without requiring 6,6′-substitution and therefore simplifying the intensive bipyridine synthesis required for previous Cu(I)-based sensitisers. POP has been used effectively in OLED studies due to this rigid and inflexible geometry it can impose on the complex. 13, 23, 24 The work outlined here reports the synthesis and subsequent electrochemical and photophysical characterisation of a series of homo-and heteroleptic Cu(I)(bipyridine) complexes ( Figures 1 and 2) , enabling a comparison of structural rigidity imposed by the POP and variously-substituted bipyridine ligands. Included is the first example of a heteroleptic Cu(I) complex investigated as a DSSC sensitiser. 
Results and Discussion

Syntheses
The ligands 4,4′-dicarboxy-2,2′-bipyridine (dcbpy), 4,4′-di(CO 2 Et)-2,2′-bipyridine (decbpy), 4,4′,6,6′tetramethyl-2,2′-bipyridine (tmbpy) and bis{2-(diphenylphosphanyl)phenyl} ether (POP), and the starting 
Structure Analysis
The single crystal structures of [Cu(II)(dmbpy) 2 Cl][BF 4 ] and compounds 1, 6, 9 and 10 have been determined allowing insight into the structural features of these complexes (Table 1 and 2), in particular the blocking group effects. All crystals were grown from solutions open to air. Despite obtaining a crystal structure of 10, we were unable to isolate the complex in a pure form and therefore further characterisation was not carried out. In attempting to crystallise the 4,4′-dimethyl-2,2′-bipyridine analogue of 1, the complex oxidised in air along with coordination of chlorine to give [Cu(II)(dmbpy) 2 Cl][BF 4 ] (Figure 3a ). In contrast, the structure of complex 1 (Figure 3b ) illustrates the stabilisation of the Cu(I) oxidation state by addition of methyl groups in the 6,6′-positions of the bipyridine. The angle between the planes of the two bipyridyls is 72.18º giving a pseudo-tetrahedral geometry and suggesting considerable flexibility of this geometric parameter. The crystal structures of the heterolpetic complexes (6, 9 and 10) shown in Figure 4 illustrate the role of POP in stabilisation in air of a Cu(I) oxidation state over Cu(II) as the complexes are forced to adopt distorted tetrahedral conformations with reduced structural flexibility. The angles between the bipyridyl plane and the P-Cu-P plane for these complexes range from 84.05 to 88.61º indictating a geometry closer to tetrahedral than that of 1 ( Table 2) . Additionally, the bite angle of POP in each case remains comparatively close to that expected for an ideal tetrahedron ( Table 2 ). The blocking functionality of POP arises as one of the phenyl rings attached to the phosphorus atoms is constrained to be over the bipyridyl ligand resulting in H-phenyl-tobipyridyl plane distances of 2.891 Å, 2.941 Å, 2.790 Å for 6, 9 and 10 respectively that prevent structural distortion. This geometrical arrangement is caused by the rigid nature of the chelating ring (Cu-P-C-C-O-C-C-P). Among the three structures presented here (see supplementary information) and also those reported previously, there is little variation between the angles within the chelate ring providing strong support for the lack of flexibility in the POP coordination geometry and hence the rigidty of the whole molecule. In general, the structures shows little geometric deviation compared with eleven POP containing Cu(I)-structures described in the literature. 21, [24] [25] [26] [27] [28] Furthermore, the structures of 6 and 9 clearly demonstrate that in a heteroleptic complex with an appropriate co-ligand, 6,6′-substituted bipyridine ligands are not required to maintain an air-stable Cu(I)-complex. This enables the use in Cu(I) DSSC sensitisers of the straightforward dcbpy ligand widely exploited in Ru sensitisers and bypassing the need for more complex multiply substitued bipyridyl ligands. 
DFT and TDDFT calculations
All calculations were carried out using Gaussian 03 29 with the B3LYP/LANL2DZ [30] [31] [32] [33] functional and basis set with induced solvent effects. This level of theory has been used successfully in the literature to calculate the structural and electronic properties of a number of coordination complexes. 25 Calculation details are outlined in full in the Experimental section. The optimised geometry for 9 is in very good agreement with the structure obtained crystallographically ( Table 2) , but as expected the DFT calculated solvated bond lengths are longer than those in the crystal structure. Packing forces present in the calculated liquid-phase are weaker than those in the solid-phase. The DFT calculated gas-phase and solution-phase structures for 4, 5, 7 and 9 produce identical overall structure energies and comparable bond distances and angles.
Time dependent density functional theory (TDDFT), also at the B3LYP/LANL2DZ level of theory, was used to probe the electronic transitions that give rise to the visible and near-UV absorption of each complex.
Although current TDDFT implementations have a tendency to underestimate the energy of charge-transfer interactions, the method has been shown to provide useful qualitative information on the electronic structure and photophysical behaviour of similar coordination complexes. 25 Seventy singlet-singlet transitions were calculated with solvent, for each complex. Analysis of the components of the TDDFT expansion shows that the majority of predicted transitions are not well described by a single electron-promotion, but involve transitions between several different orbital pairs.
The nature of each electronic transition was determined by visual inspection (Argus Lab 34 ) of each contributing molecular orbital as an isosurface map. Many of the calculated occupied and virtual orbitals were seen to be of mixed character, with electron density simultaneously present on both the ligand and metal.
However, the electronic transitions could broadly be classified into three distinct types; metal-to-ligand-charge-transfer (MLCT), where the occupied orbital is predominantly metal based and the virtual orbital ligand based, either on the POP or bpy; ligand-ligand (LL), where the transition involves occupied and virtual orbitals on the same ligand; and ligand-to-ligand-chargetransfer (LLCT), where the transition involves occupied and virtual orbitals on different ligands. These are discussed further in the context of the experimental results below.
UV/Vis Absorption Spectroscopy
The experimental and calculated UV-Vis absorption spectra are shown in Figure 5 , with the main absorption bands and related extinction coefficients given in Table 3 . For each complex the experimental spectra show two distinct groupings; very strong absorption in the near uv and weaker absorption bands in the visible that are sensitive to the nature of the biypridine substituents. From previous work, 1 it is known that the absorption peak of the π→π* intra-bipyridine transition occurs between 300-320nm. Each complex in the homoleptic series exhibits an absorption peak in this range (Table 3) , however this absorption peak cannot be resolved for the heteroleptic series as it is believed to be masked by the stronger POP ligand UV absorption band. In the absorbance spectra collected for 4 and 7 the shoulder present at 320 nm may possibly be attributed to the bipryidyl absorption.
The TDDFT calculations reproduce the experimental spectra reasonably well in the UV region, predicting a large number of transitions with significant oscillator strength ( Figure 5 ). Examination of the molecular orbitals involved in each transition shows that the UV absorption bands are dominated by →* transitions on both the bipyridine and the POP ligands (see supplementary information).
The longer wavelength bands have been assigned as Cu(I) to bipyridyl MLCT transfer bands based upon comparison with literature. This assignment is supported by the calculated energies and deduced characters of the frontier orbitals (Table 4 ) and the percentage contribution to the lowest energy MLCT bands, of each orbital pair (Table 5 ) in the TDDFT expansion. It must be noted that TDDFT has a tendency to over stabilise, and indeed the calculated MLCT absorptions are consistently predicted at lower energy than those seen experimentally. 35 substituents. This proposal can be further confirmed upon inspection of the TDDFT results with Figure 6 showing molecular orbital images for the LUMO of 4 and 5. 5 displays increased delocalisation and therefore a lower energy LUMO (Table 4 ) which subsequently reduces the required MLCT energy, causing the absorption to take place at longer wavelength. The MO diagram for 4 looks almost as expected for a pseudo-tetrahedral complex (see supplementary information). Three MOs are close in energy (HOMO, HOMO-1 and HOMO-2) and approximate as t 2 (d xy , d xz and d yz ), and another two MOs at lower energy (HOMO-4 and HOMO-5) which approximate as e (d x2-y2 and d z2 ). The MLCT transition can therefore be said to be t 2 to π* (bipyridine) in nature. Despite the lowest energy MLCT transition taking place in 5, 7 and 9 being of the same character, their MO diagrams vary more from the ideal pseudo-tetrahedral model due to increased interactions with the ligand-based orbitals. Inspection of Table 5 demonstrates that the LUMO and LUMO+1 orbitals for all four of the complexes are bpy-based, and that the HOMO to HOMO-3 orbitals are Cu(I)-and POP-based, as predicted. This is of importance as the main charge-transfer transitions occur between these orbitals (see Table 5 ),
indicating MLCT across the molecule in the desired direction for DSSC function of the acid analogous:
towards the acid groups bound to the TiO 2 .
Emission Spectroscopy
Excitation and emission spectra were investigated for 4, 7 and 9 in ethanol at room temperature and in a frozen glass at 77 K. For comparison, data were also collected for the uncomplexed dmbpy and tmbpy ligands, and the precursor complex [CuPOP(MeCN) 2 ][BF 4 ] ( Table 6) .Maxima values are given in Table 6 with full spectra given in the supplementary information. Complex 9 was found to be emissive only at 77 K and not at room temperature. Complexes 4 and 7 both showed room-temperature emission with a significant increase in intensity upon freezing accompanied by some shifting of the absorption and emission maxima ( Figure 7 ). This behaviour is consistent with emission from a triplet MLCT state in keeping with characteristic behaviour of related Cu(I) polypyridyl complexes. 8 
Electrochemistry
The redox potentials for all complexes are shown in Table 7 . The first oxidation potential for the homoleptic complexes occurs within the range +0.75 to +0.91 V and can be assigned as an irreversible Cu(I)/Cu(II) redox process. The corresponding Cu(I)/Cu(II) oxidation for the heteroleptic complexes (4 -7) occurs at more positive potentials, around +1.4 V ( Table 7 ). This increase in Cu(I) oxidation potential is due to the orbital interaction with the electron withdrawing POP ligand. 8 The oxidation potentials vary little across 4 -7,
suggesting the HOMO is largely Cu(I)/POP in character as this feature is invariant across the series. This is also consistent with the TDDFT results shown in Tables 4 and 5 and is appropriate for use of 5 as a DSSC sensitiser since positive charge density on the oxidised sensitiser will be located away from the semiconductor. For long-term DSSC operation, it would clearly be preferable to develop sensitisers that exhibit chemically reversible oxidations, however the acid analogue, 5, is still viable for study as model sensitiser since cyclic voltammetry experiments occur on a far longer timescale relative to those taking place in a DSSC device. Upon comparison with literature, 1 the reductions exhibited by all the complexes can be assigned as bipyridylligand based, which is consistent with the predictions from TDDFT. The variation in reduction potential seen for the complexes is consistent with their calculated LUMO energies, with the acid and ester analogues requiring a less negative reduction potential due to the extended conjugation. These electrochemical results support the expectation that the charge transfer transition will have directionality in the desired direction; towards the carboxylate groups (on the bipyridyl ligand) that bind to TiO 2 . Adsorption studies revealed the dye bath conditions yielding the optimum TiO 2 surface coverage of 5 to be a sensitiser concentration of 2 mM in diethyl ether. The results for 1 mM diethyl ether dye baths have also been quoted for completeness. Approximate relative TiO 2 surface coverage was determined using UV/Vis spectroscopy. This method also allowed confirmation that the dye bound without degradation by comparison with the absorption spectra of 5 in solution. Results for a selected range of these cells are shown in Table 8 and for comparative reasons, N719 DSSCs were constructed and tested following the same procedures.
Solar Cell Measurements
The observed photovoltages for cells using complex 5 were consistently around 350 mV, lower than that observed for N719 (753 mV), and lower than the best homoleptic Cu(I) sensitisers quoted in the literature (around 550 mV) 2,3,5-7 , The photocurrents were also significantly lower than those recorded for our N719 cells and for existing homoleptic Cu(I) sensitisers (up to 0.3 mA compared to 8.0 and 5.0 mA respectively). This however is as expected due to the blue shift of the MLCT absorption caused by the electron-accepting POP ligand such that the complex only just absorbs in the visible region (λ max = 394 nm). The low photocurrents may also play a role in the reduced photovoltages displayed using this sensitiser. The studies reported in Table 8 include two additional DSSC fabrication procedures outlined in the literature.
Firstly, the inclusion of Chenodeoxycholic acid (Cheno) in the dye baths was carried out as it has been shown to dramatically improve the short circuit currents produced in some systems [36] [37] [38] [39] [40] by acting as a spacer group on the TiO 2 surface, limiting the extent of dye aggregation. A range of dye:Cheno concentration ratios were tried for 5 with representative examples in Table 8 . Improved photocurrents for the dye:Cheno cells over the non-Cheno cells was observed in every case, with an optimum ratio of 1:1, although no improvement to the photovoltage was seen. Secondly, a TiCl 4 post-treatment of the TiO 2 film prior to adsorption of the sensitiser was applied as a potential method for improving photocurrents. 9, 40 No improvement to photocurrent was recorded upon the introduction of the TiCl 4 post-treatment, and photovoltages remained within the same range seen throughout this work (Table 8 ).
Despite the low power-conversion efficiency of cells sensitised with 5, the key feature of the work is the demonstration of sensitiser function for a dye of this design. The POP ligand was chosen for its known steric rigidity and successfully demonstrates that simple dcbpy ligands can be used in heteroleptic Cu(I) DSSC sensitisers due to the chemical stability and sufficiently-long excited-state lifetime imposed by the POP. The low power-conversion efficiency is largely the result of poor harvesting of the solar spectrum by the dye leading to low I SC . Our future work is now focused on the development of sterically-constraining co-ligands that also impart more optimised spectroscopic characteristics on heteroleptic Cu(I) DSSC senstisers. A key point of this work is that stable heteroleptic Cu(I)-sensitisers can be achieved with simple 4,4′(CO 2 H)bipyridine, synthetically less intensive to produce than the 4,4′,6,6′-substituted analogues. Work is now moving towards replacing the POP ligand with a more suitable second ligand that can have a beneficial impact on the absorption properties of the sensitiser as well as providing the required steric constraint.
Conclusions
Experimental
General Procedures
The synthesis of bis{2-(diphenylphosphanyl)phenyl} ether (POP), 8 4,4′-dicarboxy-2,2′-bipyridine (dcbpy), 41 4,4′-di(CO 2 Et)-2,2′-bipyridine (decbpy), 42 Density functional theory calculations were performed using the Gaussian 03 program 29 with the starting structures for 4, 5 and 7 inputted using the builder program Arguslab and the crystal structure coordinates used as the starting point for 9. All calculations were carried out using the Becke's three parameter exchange functional with the Lee-Yang-Parr for the correlation functional (B3LYP), 30 using the Los Alamos National Laboratory basis sets, known as LANL2DZ (developed by Hay and Wadt), [31] [32] [33] which comprises ECP + double zeta for copper, and the all-electron valence double zeta basis sets developed by Dunning (D95V) for light atoms. 45 Frequency calculations were carried out to ensure that optimised geometries were minima on the potential energy surface. Solvent effects were included via the self-consistent reaction field (SCRF) method using the polarised continuum model (PCM), 46 with slight modifications to the default cavity parameters to aid convergence. Time-dependent density functional theory (TDDFT) was performed in an acetonitrile polarizable continuum model, with the first 70 singlet transitions calculated. ArgusLab 34 was used to generate the orbital isosurface maps.
To make the DSSCs titanium dioxide paste (Dyesol, DSL-18NR-T) was deposited onto cleaned fluorine doped tin oxide conductive glass (TEC 8, Pilkington, UK) by doctor-blading. The film was dried at 100 • C for 15 min and then sintered at 450 • C for 30 min to remove the organics and to form a mesoporous film structure.
The thickness of the film was about 18 μm. The films were sensitized with 5 using a solution of the dye in diethyl ether. The platinized counter electrode was fabricated following the previously reported procedure. 47 The cells were removed, washed with deionised water, dried at 100 • C for 15 min and then sintered at 500 • C for 30 min. Dye adsorption was then carried out as described above. 
